Linkage disequilibrium has been used to help in the identification of genes predisposing to certain qualitative diseases. Although several linkage-disequilibrium tests have been developed for localization of genes influencing quantitative traits, these tests have not been thoroughly compared with one another. In this report we compare, under a variety of conditions, several different linkagedisequilibrium tests for identification of loci affecting quantitative traits. These tests use either single individuals or parent-child trios. When we compared tests with equal samples, we found that the truncated measured allele (TMA) test was the most powerful. The trait allele frequencies, the stringency of sample ascertainment, the number of marker alleles, and the linked genetic variance affected the power, but the presence of polygenes did not. When there were more than two trait alleles at a locus in the population, power to detect disequilibrium was greatly diminished. The presence of unlinked disequilibrium (D * ) increased the false-positive error rates of disequilibrium tests involving single individuals but did not affect the error rates of tests using family trios. The increase in error rates was affected by the stringency of selection, the trait allele frequency, and the linked genetic variance but not by polygenic factors. In an equilibrium population, the TMA test is most powerful, but, when adjusted for the presence of admixture, Allison test 3 becomes the most powerful whenever .
used to locate genes whose variation causes qualitative, Mendelian diseases. Linkage disequilibrium has been an essential key to the fine-scale localization and positional cloning of some causative genes (Hastbacka et al. 1994) . Variance-component and Haseman-Elston methods have been developed for localization of genes that influence quantitative traits in humans; however, these methods require large samples for localization of genes with small effects in the populations. For example, 2,000-20,000 sib pairs are required to map loci that explain 10% of the total phenotypic variance (Page et al. 1998) .
The use of linkage-disequilibrium methods may reduce the total sample size required for establishment of linkage to genes influencing quantitative traits in humans. Linkage-disequilibrium methods test the hypothesis that association arises because specific marker loci and trait-affecting loci are tightly linked and that alleles at the loci are not in Hardy-Weinberg equilibrium. Linkage disequilibrium arises from historical mutations, migrations, bottlenecks, or other population genetic events (Lander and Schork 1994) . For example, when a new mutation enters a population as a new event in an individual, the mutation is in disequilibrium with the entire genome of the founding individual. As the mutation is passed through the generations, the alleles at loci that are more tightly linked are more likely to be cotransmitted than are the more distantly linked or unlinked loci. As a result, individuals who have a trait-affecting allele are more likely to also inherit the founder's marker allele at loci tightly linked to the trait locus, compared with the general population, and loci that more distantly linked will not exhibit any excess of the founder's alleles. Several tests based on linkage disequilibrium have been developed and studied for localization of genes that influence quantitative-trait variation. We focus on nine of these tests. These tests include two types of measuredgenotype test, two types of truncated measured-genotype test, a "case-control" (CC) test, and four transmission/ disequilibrium tests (TDTs) for localization of genes influencing quantitative traits (the "QTDTs") (Allison 1997) .
The measured-genotype test (Boerwinkle et al. 1986 (Boerwinkle et al. , 1987 compares the mean quantitative-trait values of individuals who have either specific alleles (in what is called the "MGA test") or specific genotypes (in what is called the "MGG test"). The means are compared by ANOVA, and we consider the sampling of individuals to be at random. Risch and Zhang (1995) have observed that the number of sibling pairs that must be genotyped, but not phenotyped, in order to establish linkage could be dramatically reduced by selection of families that have children with highly discordant quantitative-trait values. Allison (1997) has applied extreme sampling to develop the QTDT tests, and extreme-sampling methods may be applied to other tests for disequilibrium.
One test that uses extreme sampling is the CC test, which compares the frequencies of the genotypes or alleles in individuals with high quantitative-trait values versus those with low quantitative-trait values. Here we consider only tests of alleles and use a x 2 test to measure the significance of the associations.
We additionally suggest new tests, which are based on either the MGG test or the MGA test. Unlike the situation with the regular MGG test or MGA test, individuals are selected on the basis of having extreme quantitative-trait values. We call these tests the "truncated measured genotype" (TMG) test and the "truncated measured allele" (TMA) test. Analyses are performed in a manner similar to that used for the MGG test or the MGA test.
These tests may be subject to bias from population admixture and genetic drift (Spielman and Ewens 1996) . Admixture arises if the population being sampled is the result of two populations that have recently begun to intermarry and have different allele frequencies at both the trait and marker loci. The differences in the allele frequencies cause a difference between the observed haplotypic frequencies and the expected ones. Disequilibrium due to admixture can even be detected if the marker and trait loci are unlinked, and it will be replicated in repeated sampling from the same population.
A series of TDTs have been developed to remove the bias due to admixture. Originally developed for qualitative traits (Spielman et al. 1993) , the ideas have been extended to quantitative traits (Allison 1997; Rabinowitz 1997) . These tests use parental marker data to remove disequilibrium due to admixture. Rather than testing for a difference between the means of the children's quantitative-trait values based on only the child's alleles or genotype, these methods study the transmission of marker alleles from parent to the child. The children's quantitative-trait values are then compared on the basis of the transmitted allele. In the absence of disequilibrium between a marker allele and the trait locus, the probability that any specific allele has been transmitted from a heterozygous parent is independent of the child's quantitative-trait value; thus, the means of the transmitted alleles should be equal. But, if there is disequilibrium between the marker and a trait-affecting allele, then the probability that an allele has been transmitted is dependent on the child's quantitative-trait value, and this should be statistically detectable. The first four tests proposed by Allison (1997) , A1-A4, are examined here. Allison test 5 was not used, because of difficulty in the implementation of the method.
Linkage-disequilibrium tests have been compared elsewhere, but quantitative-trait tests have not been extensively compared. Spielman and Ewens (1996) have addressed the increase in error-rates that is associated with non-TDT-based tests of qualitative traits in the presence of admixture. Kaplan et al. (1997) have examined the power of qualitative TDT tests with multiple alleles. Ott and Rabinowitz (1997) have observed that the power of disequilibrium tests increases with increasing marker heterozygosity. In describing new quantitative TDT methods, Allison (1997) has compared the power of the tests that he developed but has not compared his novel tests versus existing disequilibrium tests for localization of quantitative traits. The goal of the present study is to compare disequilibrium tests for localization of genes that influence interindividual variation in quantitative traits, by examination of the performance of the MGA, MGG, TMA, TMG, CC, and A1-A4 tests under a variety of conditions. The conditions that were varied include the linked genetic variance, the polygenic variance, the trait allele frequency, the number of marker alleles, the sample-ascertainment scheme, and disequilibrium due to the admixture. We also applied these different analytical methods to the analysis of data on apolipoprotein E (apo E) genotypes and apo E's relationship to LDL-cholesterol levels.
Methods

Tests of Disequilibrium
We compared nine linkage-disequilibrium methods for localization of quantitative traits. The tests include the measured-genotype approach, which can be implemented in two ways: on the basis of the alleles (i.e., the MGA test) and on the basis of the genotypes (i.e., the MGG test). For these tests, unrelated individuals are genotyped and phenotyped. The phenotypic values are binned into groups, on the basis of the individuals' alleles or genotype. For a two-allele system, there are two bins on the basis of alleles and three bins on the basis of genotypes. As implemented, the MGA test uses an individual's quantitative-trait value twice. If an individual is homozygous, his or her trait value is put into the same bin twice. The means of the bins are then compared. For all analyses, we used simple ANOVA to compare the groups. Because, in small samples, we reuse individ-ual's phenotypic values twice, the variation in the homozygous groups may be less than that in heterozygotes, but we assumed homoscedasticity of variances.
We have chosen to use extreme sampling for several of the disequilibrium tests. Families or individuals were considered eligible for use if the child's quantitative-trait value was in either the upper or lower n deciles. Tn includes families in which the child is in the upper n deciles, whereas Bn includes families in which the child is in the lower n deciles. For example, T3B3 sampling involves selection of individuals from the upper and lower 3 deciles only. For the CC test and the TMG test, three sampling schemes-T1B1, T1B3, and T3B3-were used. For TDT sampling, nine types of analysis were performed, with all combinations of T2-T4 and B2-B4.
The TMG test and the TMA test are based on the MGG test and the MGA test, but they use extreme sampling in the collection of samples. Individuals are selected only from the upper and lower ends of the phenotypic distribution. The TMA test and the TMG test bin trait values on the basis of alleles or genotypes. ANOVA methods are then applied, under the assumption that sample sizes are large enough for the central-limit theorem to provide accurate significance levels. We have checked this assumption for the samples sizes that we have studied as a part of the simulation studies and have found it to be valid (data not shown).
The CC test selects individuals with either high or low quantitative-trait values as determined by discordant sampling. The allele frequencies in individuals from the "high" group versus those in individuals from the "low" group are compared by a x 2 test. Allison (1997) has developed five TDT-based tests for localization of quantitative-trait loci; we have chosen to investigate the first four of them, A1-A4. Nuclear families with two parents and one child have been used. Only families in which, at a marker locus, one parent is a homozygote and the other parent is a heterozygote can be used for analysis. The child's phenotypic value is binned on the basis of which allele is transmitted to the child. These tests have been formulated for use with diallelic marker loci. The sample for A1 is collected without regard to the child's phenotypic value. The bins are then compared by a t-test. A2 involves selection of children with extreme phenotypes. The frequencies of the transmitted alleles in the children with high quantitativetrait values versus those in children with low quantitative-trait values are compared by a x 2 test. Children with extreme phenotypes were also selected for A3. The means of children who received the different alleles are compared by a t-test. A4 selects individuals with an extreme phenotype. The proportion of children with a high quantitative-trait value who received a specific allele is compared with the proportion of children with a low quantitative-trait value who received the same allele from their heterozygous parent. The differences are compared by a Z-test. A more detailed description of the tests can be found in the report by Allison (1997) .
The Genetic Model and Simulation Method
The quantitative-trait value, X i , of the ith individual is assumed to result from the effect of a single gene, g i ; residual polygenic effects, pg i ; and random environmental effects, e i . Therefore, ,
where, m is a fixed effect and pg i and e i are random effects with mean 0 and variances and , respectively. Amos 2 2 j j pg e (1994) has described the genetic model for a two-allele system. If g, pg, and e are assumed to be independent and to act additively, then the total variance of the trait is , with the total genetic variance be-
We simulated nuclear families with two parents and a single child. An individual's quantitative-trait value was considered to be the result of contributions from linked genetic, unlinked genetic, and random effects. The contribution from the linked genetic effect was considered to be dependent on the genotype at the trait locus, as described further in the following subsection. The genotypic mean trait values were specified on the basis of the trait allele frequency and the proportion of linked genetic variance. The polygenic and environmental contributions to the parents' quantitative-trait values were determined by generation of random numbers: N(0, ) 2 j pg and N(0, ), respectively. These values were added to 2 j e the linked genetic effect, to derive the parental quantitative-trait value. The contribution of nongenetic factors to the child's quantitative-trait value was also determined by a random-number generator, N(0, ). The 2 j e polygenic contribution was generated by determination of the mean of the child's parents' polygenic values, m pg , and subsequent generation of a random number, N(m pg , ). These terms were then summed with the 1 2 j pg 2 child's major genotypically specified contribution to the trait, to obtain the child's quantitative-trait value. Individuals were simulated with 16 marker loci, grouped into eight pairs of loci. The first marker in each pair had 2 alleles and the second had 10. All the alleles at each marker locus had the same frequency in the general population. The frequencies of the alleles in the general population were always set to be 1/n (where n is the no. of alleles at the marker locus). The distance from the marker to the trait loci could be specified; normally, the first seven loci pairs were linked at various recombination fraction (v) values, and the final one was unlinked at . v ϭ .5 For each simulation study, we assumed that a mutation had occurred on a founding haplotype. For the diallelic trait locus applications, we use "A" to denote the allele associated with a founding haplotype A. The foun-der haplotype consisted of a single trait allele, A, with frequency p, and alleles at 16 marker loci were assigned on the basis of the marker-allele frequency in the general population. We allowed this founder haplotype to decay as a function of generations (t) and v. If it is assumed that the trait haplotype crossed only with nontrait haplotype chromosomes, that no double-recombinational events occurred, and that the population is infinite, then the alleles at the marker loci were in equilibrium in the general population when founders were excluded. The expected proportion of alleles at a specific locus that will still be in disequilibrium with a particular allele is given by E[( 1976) . By the variation of t and v, any 1 Ϫ v amount of disequilibrium (D ) could be specified.
One measure of disequilibrium was used in the study:
the frequency of the ith and jth alleles at loci p and q, respectively, and pq ij is the proportion of haploptypes having the ith and jth alleles at loci p and q. For clarity, disequilibrium due to admixture is denoted as "D * , to distinguish it from linkage disequilibrium.
To simulate families, a uniform random-number generator over the interval [0,1] determined which trait alleles were received by a parent. Whenever the random number generated was less than the frequency of the trait allele A in the general population, the trait allele A with a founding haplotype was assigned to that parent. If the parent did not receive the trait allele A, then all of the marker alleles were assigned at random, on the basis of their frequencies in the general population. If a trait allele A was assigned to one or more of the parental chromosomes, then a uniform random number was generated over the interval [0, 1] . This number was compared with the probability that the founder allele at the specified locus would still be in disequilibrium, given the v and t values. If the random number was greater, then a recombination was assumed to have occurred between the locus and the trait alleles, and all the alleles more distantly linked were assigned at random, on the basis of the marker-allele frequencies in the general population. However, if the random number was less than the probability of the marker allele remaining in disequilibrium, then no recombination occurred and the alleles from the founder haplotype were passed to this parent.
The child's two haplotypes were generated by determination of which of the parental trait alleles were passed to the child. A random number, U[0,1] was generated to determine whether a recombination event may have occurred between the parent's chromosomes. At all points beyond the crossover, the alleles were replaced by the alleles from the parent's other haplotype. No doublerecombination events were allowed.
Simulation of Unlinked Disequilibrium
To simulate D * , the population being sampled was modeled as containing two equally frequent founder populations. The two founder populations differed in both the frequency of the trait allele with a founder haplotype and the frequency of the unlinked diallelic marker locus. The trait allele with a founder haplotype was modeled to have entered from only one of the founder populations. The mutation was simulated to be in equilibrium with the marker alleles at the unlinked locus in the subpopulation. Each parent was then simulated as having originated from one of the two subpopulations, and, with regard to parental mating, there was no reference to the subpopulation whence either parent came. Families were then simulated in a fashion similar to that used for nonadmixed populations. The amount of disequilibrium due to admixture was varied by changing the difference between the frequencies of the marker and trait alleles in two subpopulations.
Multiple Trait Alleles
The simulations described above involved only a single two-allele trait. However, evidence from qualitative and quantitative genetics suggests that most genes will have many alleles (Mohrenweiser and Jones 1998; Nickerson et al. 1998 ). The effect that three trait-affecting alleles have on the power of linkage-disequilibrium tests was examined by simulation of a population with three alleles at the trait locus. Two of the trait alleles were simulated with founder haplotypes called "A" and "B." The trait alleles were assumed to have equal and opposite effects. Each was independent and selected in the same fashion as were the haplotypes in a population with one founder haplotype. The third trait allele was considered to be in equilibrium with the founder population. Alleles were assigned to parents in the same way as was used for all other simulations, except that there were now two possible founder haplotypes instead of one. Each haplotype was modeled to have entered the population at the same time.
The contributions from the linked genetic effects were assigned slightly differently from what had been used in the evaluation of the diallelic trait locus. The mean quantitative-trait value was , where p geno is m ϭ S p m and m geno were always set so that m was always 0. The simulation was set so that the linked genetic variances were comparable in bi-and triallelic trait loci (Weiss 1993) . 
Analysis
In each replication, 6,000 families were simulated. The first 1,000 families that met both the genotypic and the phenotypic requirements for each individual test at each marker were selected for analysis. Each set of 1,000 families was analyzed by the statistical test appropriate for the disequilibrium test.
A total of 1,000 replications were performed. The number of times that an iteration achieved a test statistic exceeding critical values corresponding to significances of .05, .01, .001, and .0001 was divided by 1,000 and was reported as the power for a given significance. Similar results were achieved for the error rates, by a counting of the number of times that unlinked markers achieved a result exceeding the criterion for significances of .05, .01, .001, and .0001.
To compare the power of the linkage-disequilibrium tests in the presence of admixture, the values corresponding to specific significance levels were recalculated. The test statistics for the unlinked diallelic marker were ranked for a given set of simulation parameters. The 950th of the 1,000 iterations was taken as the upper-5% critical value. The newly calculated empirical 5% critical values for each test were then used to calculate the significances of linked markers in the presence of admixture.
Analysis of apo E Data
The genotyping and phenotyping of the data have been described elsewhere (Wang et al. 1998) . The sample that we used consisted of 2,001 individuals in 287 families, each with three or more available children, that were recruited via newspapers, churches, and health centers, and of 717 individuals in 118 families that were ascertained via individuals who had symptomatic premature coronary-artery disease. A total of 1,954 individuals in 307 families had information on both apo E genotype and LDL-cholesterol levels. Thus, there were a maximum of 307 independent observations when only the children were used for analysis.
We used all the tests to analyze the apo E and LDLcholesterol data. For the CC test, in addition to the usual allele-based analysis, genotype-based analysis using contingency tables also was performed. For the MGA, MGG, and A1 tests, the oldest child in each family with apo E genotypes and LDL-cholesterol levels was used. For the TMA, TMG, CC, and A2-A4 tests, a child in each family with the most extreme LDL-cholesterol level who was in either the T1B1 sample or the T3B3 sample and who also had an apo E genotype was used for analysis. If two individuals in a family had equal LDL-cholesterol levels, the older child was used for analysis. LDLcholesterol levels for the samples were as follows: T1, 159 mg/dl; T3, 126 mg/dl; B1, 72 mg/dl; and B3, 92 mg/dl. The cutoffs were determined on the basis of the distribution of phenotypes in the entire sample of children; no adjustment was made for age or sex.
The apo E genotype was considered in several ways. First, as a single triallellic marker, on the basis of alleles (apo E a ) and genotypes (apo E g ), and, second, as two diallelic markers, on the basis of alleles (Cys112Arg a and Arg158Cys a ) and genotypes (Cys112Arg g and Arg158Cys g ). The Arg variant at position 112 creates the apo e4 allele, and the Cys variant at position 158 creates the apo e2 allele. Tables 1 and 2 show the power of the disequilibrium tests when diallelic marker loci (table 1) and decallelic marker loci (table 2) are used. Shown is the power that a sample of 1,000 individuals has for detection of a locus accounting for various amounts of the phenotypic variance, with a significance of . In both tables, a ϭ .001 the powers for the MGA, MGG, and A1 tests are shown for an unselected sample, whereas the powers for the other tests were selected on the basis of T3B3 sampling. The disequilibrium in both tables is . On the D ϭ .99 basis of 1,000 analyzed individuals, the TMA test is the most powerful, with 100% power to detect a 10% effect, but power decreases to 15% for a locus accounting for 1% of the phenotypic variance. The TMG test is the next most powerful, followed by the A3, MGA, A4, A2, MGG, A1, and CC tests. The CC test had 82% power to detect a 10% effect but had !2% to detect a 1% effect. When decallelic markers are considered (table 2) , the TMA test is still the most powerful, having 99.9% power to detect a 5% effect, but the MGA is the next most powerful, with 95% power, followed by the TMG, MGG, and CC tests, which have 90%, 51%, and 50% power, respectively. The Allison tests cannot use more than two-allele marker loci and were not considered in the comparison. Table 3 (TMA test) and table 4 (A3 test) show the power for detection of disequilibrium, for various numbers of marker alleles, sampling schemes, and linked genetic variance. Both tables show the power to detect a trait allele acting additively with a frequency of p ϭ .5 and a significance of . The disequilibrium bea ϭ .001 tween the marker loci and the trait locus is . D ϭ .99 The power shown in table 3 is for the TMA test using both di-and decallelic marker loci. In general, the decallelic marker loci have more power than the diallelic loci, under the same sampling condition. Using diallelic loci, the TMA test has 92% power to detect a 2% effect when T1B1 sampling is used but has only 58% when T1B3 sampling is used and only 49% when T3B3 sampling is used. The more stringent the selection, the greater the power of a given sample size, when decallelic loci are used. T1B1 sampling has 98% power to detect a 2% effect, but T3B3 sampling has only 71% power to detect a locus of similar effect. Table 4 gives the power of the A3 test; again, the more stringent the sampling, the greater the power of a given sample size. Selection strategies with similar stringency had similar power. T2B4 sampling, T3B3 sampling, and T4B2 sampling all select 60% of individuals for analysis. These selection strategies have, respectively, 23.6%, 24.8%, and 22.5% power to detect a 2% effect with 0.1% significance.
Results
Power
Tables 5 (diallelic markers) and 6 (decallelic markers) show how holding the linked genetic variance constant ( ) and varying the trait-allele frequency affects 2 j ϭ 2% a the power that the tests have for detection of disequilibrium, with 5% significance. Maximal power is obtained when the trait-affecting locus has two equally frequent alleles and decreases as the alleles become more disparate. The power of the TMA test varies from 91% at to ∼24% at . The relationship between p ϭ .5 p ϭ .05 the power of the different tests is not constant across trait-allele frequencies. When the A3 test is more p ϭ .5 powerful than either the MGA test or the MGG test, but when the A3 test has less power than these p ϭ .1 tests. The relative power of the other three Allison tests also decreases relative to that of the tests based on isolated individuals. The tests that can use decallelic loci (table 6) appear to keep the same relationship to one another, across the range of trait-allele frequencies. Figure 1 shows the effect on the power of the TMA test when there are three trait alleles. Two of the alleles are equally frequent and have equal and opposite effects and randomly assigned founder haplotypes and entered the population 100 generations ago; the third allele has no founding haplotype and an effect intermediate between those of the two alleles with founding haplotypes. For both di-and decallelic marker loci, the power maximizes at !100%. The power of the TMA test is ∼90%, for both and , when (
), whereas table 1 indicates that power is nearly .99 100% when there are only two trait alleles. Additional information will not allow an increase in the power. For a diallelic locus, the power maximizes at slightly 150%.
Error Rates
The effect that disequilibrium due to admixture has on the error rates is shown in table 8, which compares the error rate for all nine disequilibrium tests when , , and , for a nominal
as a function of D * when diallelic marker loci are .05 used. In the absence of disequilibrium due to admixture, the observed significance levels of all the tests conformed well with the nominal levels for the tested sample size of either 1,000 individuals or 1,000 TDT trios. In general, the more powerful the test when there is not disequilibrium due to admixture, the greater the error rate in the presence of disequilibrium due to admixture. The TMA test, the most powerful, had the greatest excess error rate, only 15% when but 94% when * D ϭ .2 , when T3B3 sampling was used. The error rates * D ϭ .8 for the Allison test were unaffected by the presence of disequilibrium due to admixture. In addition, the greater the linked genetic variance, the greater the increase in error rate for tests involving isolated individuals. Other factors that increased the error rate were the stringency of selection, the trait-allele frequency, and the amount of disequilibrium due to admixture. Error rates were not affected by the presence of polygenes (data not shown). Figure 2 shows the power that the nine disequilibrium tests have for detection of a 10% linked genetic effect when and there are no polygenes, after adjustp ϭ .1 ment the critical values have been adjusted for the presence of disequilibrium due to admixture. When the disequilibrium due to admixture is low, , the * D ϭ .05 decrease in the power of the tests using isolated individuals is small. However, when , the A3 test * D ϭ .2 using T3B3 sampling became the most powerful test. The power of the A3 test is 73%, and the TMA test has 70% power for a sample of 1,000 eligible individuals. As D * becomes larger, the Allison tests perform progressively better than the tests based on isolated individuals. By the time , all the Allison tests are * D 1 .5 more powerful than any of the non-TDT-based tests. Table 9 presents the P values for each of the tests, as well as the sample size for each of the apo E analyses. In the population that we studied, the frequencies of the alleles were as follows: e2, .076; e3, .772; and e4, .152. A total of 307 families had at least one child with both LDL-cholesterol levels and apo E genotypes. For similar sample sizes, the MGA test had results that were more significant than those of the MGG test, for all the models tested, but the Arg112Cys locus was nonsignificant for both the MGA test and the MGG test. The TMA test and the TMG test, when T3B3 sampling was used, had sample sizes similar to those of the MGA test and the MGG test (307 vs. 301). However, the TMA test's and the TMG test's association of the Cys112Arg locus was highly significant for LDL-cholesterol levels. When T1B1 sampling was used, only slightly more than half the families had a usable individual. As a result of smaller sample size, the T1B1-sampling results are less significant than 
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Figure 1
Power of the TMA test when there are three trait alleles, as a function of v, number of marker alleles (NMA), and linked genetic variance (LGV): , , , .1, and .8.
2 j ϭ 0% t ϭ 100 p ϭ .1 pg the T3B3-sampling results. Interestingly, the CC tests, under both selection schemes, provides power comparable to that of the TMA test and the TMG test. The sample sizes for the Allison tests were smaller than those involving random sampling. At locus Cys112Arg, only 122 families met the inclusion criterion; at locus Arg158Cys, only 76 did so. Despite the smaller sample size, the Arg158Cys locus was more significantly associated with differences in LDL-cholesterol levels than was the Cys112 Arg locus. The A2 test performed quite well compared with the A3 test.
Discussion
The methods that we have called the "truncated measured genotype" tests had not previously been given a name, but the tests have been previously used (Surgochov et al. 1996) . The premise behind the test is that, as Lander and Botstein (1989) pointed out, the extreme observations contain most of the information for genetic-linkage studies; thus, when only individuals with extreme phenotypic values are genotyped, less genotyping effort need be expended to find a locus of given size. Extreme sampling is used for several other tests considered here, including the CC test and the A2-A4 tests. The TMA test and the TMG test are performed in a manner similar to that used for the MGA test and the MGG test, with ANOVA being used for determination of the significance levels of any differences between the means of the bins. Use of extreme sampling violates the ANOVA test's assumption that the underlying distribution is continuous and normally distributed; if a sufficiently large sample is taken, the central-limit theorem assumes that the significance levels generated by AN-OVA will be correct. The results of the simulations that have been performed in the present study suggest that this is a valid assumption (data not shown).
Although many linkage-disequilibrium tests exist for the localization of genes influencing quantitative traits, a thorough comparison of all the methods has not been performed. Allison (1997) has compared the performance of the tests that he has developed but has not compared his method with other tests of association for quantitative traits. Our goal has been to provide this comparison. Tables 1 and 2 compare the performance of several disequilibrium tests. All the tests compared are for a sample of 1,000 people. For both di-and decallelic markers, the TMA test was the most powerful per person analyzed. The MGA test had less power per person analyzed, but the increased power of the TMA test was due to selected sampling. The TMA test requires that 1,738 individuals be genotyped to establish disequilibrium to a locus accounting for 10% of the total phenotypic variance, with 90% power and , for a ϭ .0001 T3B3 sampling and diallelic marker loci, when p ϭ .5 and , so a total of 2,897 (1,738/.6) individuals D ϭ .6 need to be phenotyped to perform that TMA test; but the MGA test requires that only 2,682 individuals be phenotyped. Similar observation are seen for the other parallel tests-the TMG/MGG tests and the A1/A3 tests (data not shown)-indicating that the selection is enriching with respect to the most informative individuals.
As did Allison, we found that the A3 test is generally the most powerful of the TDT-based tests, but it is less powerful than either the TMA test or the TMG test. The CC test was the least powerful for diallelic loci, and the MGG test and the CC test were equally least powerful for decallelic loci. The CC test was least powerful because much of the information contained in the continuous distribution is lost when the phenotype is reclassified as discrete.
The number of marker alleles affects both the power to detect disequilibrium and the relationship between the powers of the tests. For the TMA test the decalleic markers had more information, but for the TMG test the diallelic markers had more information. This is a function of df when the tests are compared: 1 df for the Figure 2 Adjusted power rates for all tests, as a function of D * : , , adjusted to , and .
TMA test and 2 df for the TMG test, when diallelic marker loci are used. When decallelic loci are used, the TMA test has 9, or , df, and the TMG has 54, or n Ϫ 1 , df. This difference in df contributes to n(n ϩ 1)/2 Ϫ 1 the decrease in power of both the MGG test and the TMG test when decallelic, rather than diallelic markers, are used. The simulations used here assumed that the trait allele acts additively. However, if there is dominance, effects of heterosis may be lost when either the TMA test or the MGA test is used. Tables 3 and 4 show linkage-disequilibrium tests under a variety of sampling schemes. As would be expected, the more stringent the sampling, the greater the power of a given sample size. Although an increase in power was observed for selected sampling, the large increase observed by Risch and Zhang (1995) was not seen. The sample size required for detection of disequilibrium when the MGA test is used is 2,682 but is only 950 when the TMA test and T1B1 sampling are used; this is a decrease of only slightly less than threefold. We did not expect that there would be a sample-size reduction as large as that found by Risch and Zhang (1995) . Since only a single individual was selected per family, there was no way to account for the effect of sib-sib correlation and/or shared genetic factors, the key to the sample-size reduction observed by Risch and Zhang (1995) . These observations may only hold in the case of a single "major" gene, since there is evidence that extreme sampling on an oligogenic model may not increase power (Allison et al. 1998) . Tables 5 and 6 show that the power to detect disequilibrium decreases with decreasing trait-allele frequency. This observation is different from that of Allison (1997) , who reported that power increased with decreasing trait-allele frequency, but is similar to that of Abel and Mü ller-Myhsok (1998) . The difference can be attributed to different simulation methods. Allison (1997) assumed total disequilibrium between a marker and trait allele-that is, the specific marker allele is found only with the trait allele, and vice versa. When the trait-allele frequency is varied, then, to get a constant linked genetic variance, the effect of the trait alleles must be increased. When one can separate the trait-carrying and non-trait-carrying chromosomes, as one can do with Allison's tests, the test is dominated by the differences in the trait-allele effects. The simulations reported here did not follow those conditions. Disequilibrium could decay, and all copies of a marker allele were never in complete disequilibrium with a trait allele. Under the assumption that the marker alleles have equal frequencies in the general population, that the marker locus is diallelic, and that the trait-allele frequency is .5, a maximum of two-thirds of the specific marker allele would be in disequilibrium with a trait allele:
. All of the chromosomes with the trait allele will * 1 1
have the same specific marker allele, but, also, 50% of the chromosomes without a trait allele will also have the same specific marker allele. If the trait allele has a frequency of .1, then only 10/55 of the specific marker alleles with be in disequilibrium with the trait allele: . Since the specific marker allele becomes * less informative when the trait-allele frequency decreases, the power to detect disequilibrium decreases. Our simulations allow for the trait-allele frequency and linked genetic variance to be specified and known and that there to be alleles that are found on the founder haplotype but not on a haplotype with trait allele A. However, the marker-allele frequencies in the simulated population are not the same as those in the general population. When an allele at a locus is in disequilibrium with the trait allele, the expected total count of that marker allele is increased by over the number t 2N(1 Ϫ v) expected in the general population, and the other alleles decrease proportionally, across all alleles. The expression denotes the expected proportion, of the total
number of trait haplotypes, that continues to carry the original allele at the marker locus. Unlike linkage tests that use identity by descent (Risch and Zhang 1995; Page et al. 1998) , polygenic factors do not increase the ability to detect the effect of linked loci. This is to be expected, since only a single individual was used per family, and there is no way to account for the similarity between relatives that is due to shared polygenes. Simulations involving trait loci with three trait alleles, two of which have equal and opposite effects and arose on independent founder haplotypes, also were performed. All the tests have the correct error rate under the null hypothesis, for di-and decallelic marker loci; however, under the alternative hypotheses the power never reached 100%. When independent haplotypes are formed for two trait alleles, both haplotypes may have the same allele at a particular locus, and the probability of this event is 1 Ϫ heterozygosity of the marker locus, where heterozygosity is ( ) and p i is the frequency 2 1 Ϫ Sp i of the ith allele. The nonuniqueness of founding haplotypes has been noted in previous studies; in Greek populations, for example, the LDL receptor has at least six independent mutations causing familial hypercholesterolemia, each with its own founding haplotype (Traeger-Synodinos et al. 1998) ; at two separate marker loci, two different disease-causing mutations are in disequilibrium with the same allele. We suspect that most genes that affect quantitative variation will have more than two alleles; for example, apo E has two diallelic polymorphisms (Funke et al. 1986) , and Lp(a) (Boerwinkle et al. 1989 ) has many.
Although linkage-disequilibrium methods tend to require sample sizes smaller than those required by linkage-equilibrium methods, disequilibrium methods are subject to increases in error rates, because of population admixture and stratification. Another factor blocking the acceptance of linkage-disequilibrium methods is that the degree of increase in error rates that is due to admixture has not been rigorously studied. Spielman and Ewens (1996) have given limited estimates of the increase in error rates for non-TDT-based family-based tests of qualitative disequilibrium. Our analyses provide results for comparison of the error rates of different linkage tests in the presence of disequilibrium due to admixture As has been predicted, the error rate of disequilibrium tests based on isolated samples-that is, non-QTDT-is affected by the presence of disequilibrium due to admixture, and the nominal error rates of the Allison test, QTDT, were not affected by disequilibrium due to admixture. Note that all tests had the correct error rates when there was no disequilibrium due to admixture. In general, the more powerful a non-QTDT test was, the more liable it was to errors resulting from admixture. Factors that influence the power of a linkage-disequilibrium test also influence error rates. Selection increases power, but it also increases the error rate in admixed populations. Decreasing the trait-allele frequency decreases both power and error rate. Because disequilibrium due to admixture actually does exist, association tests that have more power to detect any disequilibrium will also be more powerful for detection of undesired disequilibrium. Replicate sampling from the same population may have the same amount of disequilibrium due to admixture. As Allison (1997) and Rabinowitz (1997) have predicted, TDT-based tests are not affected by the presence of disequilibrium due to admixture.
The use of non-TDT-based tests in an admixed population will cause an increase in the false-positive error rates of the test. However, the number of false-positive results will be dependent on the amount of disequilibrium due to admixture present in the sampled population. Although the amount of disequilibrium that would result from admixture of specific populations has been considered (Dean et al. 1994) , the actual amount of disequilibrium due to admixture has not ever been well characterized, and thus we cannot make inferences about the absolute number of false-positive results that may result from the use of non-TDT-based tests.
The presence of unlinked disequilibrium leads to a substantial increase in error rates, but even in the presence of unlinked disequilibrium there may still be disequilibrium due to linkage. Figure 2 has been provided in order to show the effect that unlinked disequilibrium will have on the power to detect an effect of given size after an adjustment is made to the critical values so that the proper level of significance in achieved even in the presence of admixture. The presence of unlinked disequilibrium, D * , strongly decreases the power to detect an effect of given size, for tests not based on TDT sampling. The power of the Allison (1997) tests are not affected by the presence of disequilibrium due to admixture. For , all the Allison tests are more pow- * D 1 .5 erful than tests using isolated individuals.
Analysis of the apo E data by the disequilibrium tests is quite informative. As expected, variation in the apo E gene was found to affect interindividual variation in LDL-cholesterol levels. Tests using both alleles and genotypes found valid results. The use of selected sampling increased the power to detect the effect of apo E, until the selection criterion began to reduce the available sample size. In view of both the sample size that was available (р307 individuals) and the size of the effect of apo E (∼8% of the total phenotypic variance in LDL-cholesterol levels), several of the tests found very significant results for the apo E locus. Several of the tests (A1-A4) did not find significant results, primarily because of the diminished available sample size.
When a study is developed or disequilibrium tests are applied to an existing data set, it is essential to bear in mind that, unless the study is carefully designed to collect only random individuals or TDT trios, much of the data collected cannot be validly analyzed without allowance for familial correlations.
In summary, the TMA test is the most powerful test of disequilibrium, under a variety of conditions. The linked genetic variance, the trait-allele frequency, and the stringency of selection affect both all tests' power to detect disequilibrium and the error rates of non-QTDTbased tests. The presence of polygenes did not affect either the disequilibrium tests' power to detect disequilibrium or their error rate. Allison's (1997) TDT-based tests were not affected by the presence of disequilibrium due to admixture, but all the other tests were.
